Herein we report a novel study on the reaction mechanism of non-aqueous aluminum/graphite cell chemistry employing 1-ethyl-3-methylimidazolium chloride:aluminum trichloride (EMIMCl:AlCl 3 ) as the electrolyte. This work highlights new insights into the reversibility of the anion intercalation chemistry besides confirming its outstanding cycle life exceeding 2000 cycles, corresponding to more than 5 months of cycling test. The reaction mechanism, involving the intercalation of AlCl 4 À in graphite, has been fully characterized by means of ex situ X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), X-ray absorption near edge structure spectroscopy (XANES) and small-angle X-ray scattering (SAXS), evidencing the accumulation of anionic species into the cathode as the main factor responsible for the slight initial irreversibility of the electrochemical process.
Introduction
Aluminum is an interesting anode material for electrochemical energy storage due to its extremely high volumetric capacity of 8040 mA h cm À3 , four times higher than that of lithium, and a favorable gravimetric capacity of 2980 mA h g À1 . Furthermore, aluminum is the third most abundant element in the earth's crust and can be handled in an ambient atmosphere leading to enormous advantages for cell manufacturing. 1,2 A limited number of materials exhibited reversible intercalation of trivalent Al 3+ ions, such a Mo 6 S 8 , 3 V 2 O 5 4,5 and VO 2 , 6 most likely due to the extremely high charge density, in spite of its small ionic radius (0.39Å versus 0.59Å of Li + ). 7 Accordingly, the most promising non-aqueous aluminum batteries in terms of performance employ electrochemical conversion [8] [9] [10] [11] or anion intercalation 2,12-14 processes at the positive electrode. The anion intercalation chemistry involved at the cathode appears to be a promising process for the realization of electrochemical storage devices called dual ion cells. 15, 16 In particular the use of nanostructured carbon materials or graphene 2, 12 allows extremely high power densities, close to those of supercapacitors. Indeed, AlCl 4 À is characterized by excellent stability and fast diffusion in the graphite planes, 2,12 thus making graphite-based AlCl 4 À intercalation cathodes appealing for aluminum batteries, as well as other dual ion chemistries.
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In this work, we report a thorough investigation of the AlCl 4 À intercalation mechanism into graphite in cells comprising an aluminum anode and an EMIMCl:AlCl 3 electrolyte via electrochemical methods coupled with ex situ X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), X-ray absorption near edge structure spectroscopy (XANES) and small-angle X-ray scattering (SAXS) measurements. A clear understanding of the electrochemical process, including the explanation of the irreversible process characteristics of the system is provided. For the rst time, the accumulation of anionic species into the cathode is revealed, which we consider to be mainly responsible for the slight irreversibility of the electrochemical process. This irreversible process leads to a structural reorganization of the graphitic cathode, allowing an increased anion uptake upon cycling and faster anion diffusion aer long-term cycling, resulting in the improvement of the cell's cycling performance. Finally, the work highlights the key role of the solvent employed during the rinsing step of electrodes subjected to post-mortem analysis, indicating that the electrode rinsing procedure may induce structural changes on the cycled electrodes, thus producing some controversial results.
Experimental
The electrolyte, 1-ethyl-3-methylimidazolium chloride:aluminum trichloride (EMIMCl):AlCl 3 in a 1 : 1.5 mole ratio, was provided by Solvionic with a water content lower than 100 ppm. The mole ratio between the EMIMCl and the AlCl 3 is a fundamental parameter inuencing the properties of the electrolyte solution. The system is dened basic, neutral or acidic when the EMIMCl/ AlCl 3 mole ratio is, respectively, higher, equal or lower than one. In acid melts the dominant species is Al 2 Cl 7 À , in the neutral melt the only anionic species is AlCl 4 À and in basic melts AlCl 4 À and Cl À species coexist. The reversible aluminum stripping deposition process is possible only in acid melts. Accordingly an acidic electrolyte solution, namely EMIMCl:AlCl 3 1 : 1.5 mole ratio, has been selected as the electrolyte for this study. Electrochemical measurements were performed using Teon Swagelok® T-type cells. All potentials quoted in this manuscript refer to the quasireference Al/Al 3+ electrode.
The electrolyte anodic and cathodic stability was evaluated by linear sweep voltammetry (scan rate of 0.1 mV s À1 ), using a three electrode conguration with glassy carbon rods as the working and counter electrodes, and aluminum wire as the reference electrode. 2 The cycling stability of the aluminum metal (Al 99.99% Alfa Aesar) in the ionic liquid-based electrolyte was evaluated by continuous stripping/deposition tests on symmetrical Al/Al cells. The electrochemical characterization of the complete (Al//PG) cells was performed using aluminum metal as the counter electrode, a GF/A Whatman® glass ber soaked by the electrolyte as separator and a pyrolytic graphite disk (Panasonic PG, 100 mm thickness, 8.66 mg cm À2 loading, herein named PG for brevity) as the working electrode. The specic currents (mA g
À1
) and the specic capacities (mA h g À1 )
in the whole manuscript are referred to the cathode (PG) weight. The cycling tests of Al/EMIMCl:AlCl 3 /PG cells were carried out by applying increasing specic currents (from 25 to 100 mA g À1 )
in the voltage range of 0.4-2.4 V, and for the long term cycling test a current rate of 25 mA g À1 was applied for the rst ve cycles and a current rate of 75 mA g À1 for the following cycles.
All galvanostatic cycling tests were carried out at 25 C in a thermostatic climatic chamber (with a possible deviation of AE1 C), using a Maccor 4000 Battery Test System.
The ex situ morphological characterization was performed using a high-resolution scanning electron microscope (FE-SEM, Zeiss Auriga) equipped with a eld emission electron gun as the electron source and an in-lens detector. The acceleration voltage was set to 3 kV.
The structural analysis was accomplished by XRD using Cu K a radiation (0.154056 nm) on a Bruker D8 Advance diffractometer in the 2q range from 10 to 90 with a step size of 0.01 using a dome-shaped, air-tight sample holder. The chemical surface composition was determined by XPS measurements (PHI5800 ESCA System, Physical Electronics) using monochromatized Al K a radiation, a take-off angle of 45 for photoelectrons from the samples, and pass energies at the analyzer of 93.9 eV and 29.35 eV for survey and detail measurements, respectively. The main C (1s) peak was set to 284.5 eV for binding energy (BE) calibration. The C 1s detail spectra were deconvoluted using the CasaXPS soware package (Casa Soware).
XANES and SAXS measurements were carried out using the synchrotron beamline FCM (Four Crystal Monochromator) of the Physikalisch Technische Bundesanstalt (PTB) laboratory at the synchrotron light source BESSY II of the HelmholtzZentrum Berlin für Materialien und Energie GmbH. The beamline is equipped with an anomalous SAXS (ASAXS) instrument designed and constructed by the HelmholtzZentrum Berlin für Materialien und Energie GmbH. 18 The storage ring operated in top-up mode with a ring current of 250 mA. The four-crystal monochromator of FCM beamline set-up delivers a ux of up to 10 10 photons per s in the energy range between 3 and 10 keV (Si(111) crystals) and an even higher ux between 1.8 keV and 3 keV (InSb(111) crystals). 19 For SAXS experiment the cross section of the primary beam at the sample position was 0.5 mm Â 0.5 mm (width Â height), the sampledetector distances were 3721 mm and 1426 mm, as determined by calibration with Ag-behenate (long period, d 001 ¼ 5.8380 nm) and the photon energy of 10 keV, equivalent to a wavelength of l ¼ 0.1239 nm. The detector used for SAXS is an in-vacuum version of a PILATUS 1M. 20 Scattering patterns are recorded with an exposure time of 5 s. The obtained patterns cover the region of 0.05 nm
, 2q is the scattering angle. XANES measurements were performed in the uorescence mode at the Cl K-edge (2822.4 eV, monochromator crystals InSb(111)) by using a Bruker X-Flash 125 eV SDDLN2 detector. The incoming beam intensity was monitored by using a pin photodiode, 7 mm thick, which was calibrated against a cryogenic electric substitution radiometer.
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Prior to the ex situ analyses, the studied electrodes were rinsed in order to remove residual electrolyte. Different solvents were employed to evaluate the impact of rinsing on the chemical and structural properties of the cathode electrodes. The solvents used, i.e. methanol, acetonitrile and dimethyl carbonate, were rigorously anhydrous and the water content was detected by the Karl Fischer titration method.
Results and discussion
Prior to the investigation of the AlCl 4 À intercalation in graphite, the properties of the electrolyte solution, i.e. EMIMCl:AlCl 3 (mole ratio 1 : 1.5), were studied. Fig. S1a † shows that the electrochemical stability window of the EMIMCl:AlCl 3 electrolyte is only anodically limited at 2.45 V. The increased current ow observed at potentials higher than 2.45 V is, in fact, associated with the oxidation of the AlCl 4 À anion. 22, 23 On the other hand, at potentials below À0.05 V aluminum metal deposition on the glassy carbon current collector occurs. 22, 23 In fact, as shown in Fig. S1b , † aluminum can be reversibly plated and stripped in a symmetrical Al/EMIMCl:AlCl 3 /Al cell, with a rather limited polarization (<20 mV). 24, 25 This value is comparable with that obtained for the dissolution/deposition of lithium in ionic liquid-based electrolytes.
Overall the anodic stability and excellent Al dissolution/ deposition performance of the electrolyte allow the investigation of the anion intercalation in pyrolytic graphite. Fig. 1a shows the voltage prole of an Al/EMIMCl:AlCl 3 /PG (pyrolytic graphite) cell cycled at a constant current of 25 mA g À1 . During the rst cycle (black curve), the cell shows a specic charge capacity of 105 mA h g À1 and a discharge capacity of 75 mA h g À1 with an overall coulombic efficiency of about 70%. It is not excluded that the irreversible capacity observed during the rst (dis)charge cycle may be ascribed to the partial irreversibility of the anion intercalation process, suggesting the incomplete deinsertion of the intercalated species from the graphite cathode (as indeed evidenced later by the ex situ XRD, XPS, XANES and SAXS measurements). However, partial oxidative decomposition of impurities and/or small traces of water present in the electrolyte cannot be excluded. Nevertheless, aer a few cycles (see 5 th cycle in blue) the electrochemical process exhibits very high reversibility (the coulombic efficiency increases to almost 96%) and average working voltage (about 1.9 V). The shape of the voltage prole reects the typical anion intercalation process within the layered structure of graphite 2,12-14,27-29 with plateaus indicating the characteristic multi-stage process.
2, 16 The electrochemical process occurring upon anion intercalation is further conrmed by the cyclic voltammetry test reported in . However, only a limited cell polarization increase is observed when raising the current to 100 mA g À1 (see Fig. S2b †) . Fig. 1c reports the overall cycling behavior upon the rate capability test, revealing the good cyclability with satisfactory coulombic efficiency, particularly at higher current rates, evidencing the overall good stability of the investigated cell. The higher coulombic efficiencies upon increasing currents can most likely be ascribed to kinetic limitations of the side reactions. In order to fully understand the anion intercalation mechanism involved in the cell operation, ex situ measurements employing different techniques were performed. However, it is well known that the electrode rinsing process, necessary to remove the electrolyte prior to executing the post-mortem analysis, may strongly affect the electrode chemistry. Thus, the role of the solvent used for the electrode rinsing was investigated by employing a few anhydrous solvents. This allowed the comparison with previously reported studies, 2, 13 leading to a clarication of the structural characteristics of the cycled graphite electrodes. In order to evaluate the best solvent for electrolyte removal, ex situ XRD analysis was performed on fully charged PG electrodes as recovered from the cell (i.e., without the rinsing process)
2 and aer rinsing with methanol, 13 acetonitrile or dimethyl carbonate (Fig. 2 ). The comparison with the non-rinsed electrode shows that both methanol and acetonitrile strongly affect the structural properties of the charged PG while dimethyl carbonate (DMC) does not, underlining the importance of the rinsing solvent for the obtainment of reliable and reproducible results of anion-intercalated graphite. Fig. 3a reports the ex situ X-ray diffractograms of pristine, fully charged and fully discharged PG electrodes aer rinsing It is widely known that stages (n) of GICs can be associated with the periodic distance (I c ), the gallery expansion (Dd) and the intercalant gallery height (d i ), according to eqn (1): 15, 16, 30, 32 
where (l) is the Miller index of the graphite plane and (d obs ) is the experimental value of d spacing obtained by the diffractogram. The results for the charged electrode (Table 1) indicate a Dd gallery expansion (i.e., the spacing between adjacent graphitic layers hosting the anion species) of 6.24Å, which is compatible with the intercalation of AlCl 4 À (ionic radius z 5.7 A
33-36
). Upon full discharge, however, the structure of the graphite cathode is only partially recovered, supporting the partial irreversibility of the process, likely due to the trapping of a small amount of AlCl 4 À between the graphite layers. The (002) Table S1 †). Accordingly, in our study a d (00n+2) /d (00n+1) ratio equal to 1.12 indicates a stage 7 intercalation compound, 16, 32 i.e., guest species are in average intercalated at every 7 th graphene layer. However, according to eqn (1), 16, 32 the Dd gallery expansion is 6.49Å, which is comparable to that calculated for the fully charged material. This further support the trapping of part of the intercalated guest species, AlCl 4 À . Fig. 3b reports the XPS detail spectra in the Al 2p and Cl 2p regions of the PG electrode in the pristine, fully charged and fully discharged states. The intercalation of AlCl 4 À is evident from the detail spectra in the Al 2p and Cl 2p regions. In fact, the contributions of Cl and Al are totally absent in the pristine electrode; however, they appear clearly aer the rst anion intercalation. The C 1s and Al 2p peak intensity decreases in the discharged sample hints, once more, for the partial irreversibility of the electrochemical process as well as to the persistence of some trapped/adsorbed species in the graphite sample. The intercalation of anion species is also conrmed from the detail spectra in the C 1s region. In order to clarify this aspect, i.e., the carbon components and their evolution upon cycling, peak tting analysis was performed. Fig. 3c reports the t of the C 1s feature for the pristine, fully charged and fully discharged PG electrodes. The C 1s spectrum of the pristine sample is dominated by the peak at 284.5 eV, which is assigned to sp 2 -hybridized carbon atoms in graphite. 37, 38 Its asymmetric shape, typical for sp 2 -C, is a consequence of the conductive nature of graphite. 38 The second broad and weak peak detected for the pristine electrode at 290.8 eV is a shake-up satellite due to p-p* transitions typically observed for graphite. In the charged electrode, the intensity of the main peak decreases signicantly while additional features appear at higher binding energies. Very likely, the peak at the highest binding energy (289.1 eV) is related to residual solvent from the rinsing process. 39 The peak at 286.5 eV can be associated with the oxidation of graphite C atoms, occurring upon the intercalation of AlCl 4 À . This is in agreement with the well-known redox-amphoteric behavior of graphite when used as intercalation host.
2,15 However, a contribution of the C-N bond of EMIM + cannot be excluded, since it occurs at rather similar binding energies. 4 This may indicate cation co-intercalation to occur together with AlCl 4 À . Aer discharge, the C 1s spectrum of the cathode does not completely revert to that of pristine graphite. Most prominently, the intensity of the main peak is not completely recovered indicating a partial irreversibility of the electrochemical process and suggesting that AlCl 4 À remains partially intercalated in the graphite planes, thus conrming the XRD results reported in Fig. 2a . For charge neutrality, the partial trapping of AlCl 4 À anions upon discharge may only occur if EMIM + cations are inserted. To further investigate the structural/chemical modications occurring during the rst charge-discharge process and to get additional support for the incomplete reversibility of the overall electrochemical process, XANES measurements were performed at the Cl K-edge (Fig. 4) . Fig. 4a shows the spectra of the fully charged and discharged PG electrodes aer removal of the preedge absorption (without normalization to the absorption jump) while the normalized spectra are depicted in Fig. 4b . No signal was detected for the pristine electrode, indicating the absence of chlorine in PG before cycling. The observed absorption discontinuities are proportional to the amount of Cl in the electrode. Their intensity decreases strongly when going from the charged to the discharged electrode with the ratio (J Disch /J Ch ) being 0.039. Once more, the XANES results indicate that the major part of the intercalated species is removed upon discharge while a certain amount remains intercalated in the PG electrode, in full agreement with the XRD and XPS results. SAXS patterns of pristine, fully charged and fully discharged electrodes were acquired to obtain valuable information on the formation (and variation) of repeated and regular differences in the average electron density of materials (Fig. 4c) . The shape and, especially, the slope ($Q À4 ) of the pristine electrode pattern indicate the existence of smooth surfaces. On the other hand, the decreased slope observed for both the cycled electrodes indicates a neat increase of the surface roughness on the nanometer scale. Aer the rst charge, a well pronounced peak appears at Q z 3.22 nm À1 , identifying the distance (D approx.
equal to 2p/Q) between features regularly appearing in the material (i.e., the distance between sheets of the same electron densities) to be about 1.92 nm. This value is in very good agreement with the periodic distance (I c ¼ 1.96 nm) calculated from the ex situ X-ray diffraction of the fully charged electrode (see Fig. 3a and 4c and Table 1 ). Aer full discharge, the peak shis to lower Q values, indicating larger distances among sheets. Now the peak appears at Q z 2.66 nm À1 , indicating a periodic distance D z 3.09 nm, which is again in good agreement with the periodic distance (I c ¼ 2.99 nm) calculated from the ex situ X-ray diffraction of the fully discharged electrode (see Fig. 3a and 4c and Table 1 ). Moreover, in the discharged electrode, the peak appears broadened revealing an increase of the distance-size distribution disorder (see Fig. 4c ).
The results obtained by the analysis of the SAXS measurements are summarized in Table S2 . † The careful analysis of the above reported results helps clarifying the debate regarding the geometry and diffusion mechanism of AlCl 4 À in-between the graphite planes. Wu et al. intercalates into graphite maintaining the tetrahedral geometry. However, based on the results of the extensive characterization of pristine, charged and discharged PG electrodes by different techniques, we conclude that the intercalation process of the AlCl 4 À into graphite is not completely reversible. The process involves, in fact, the intercalation of AlCl 4 À anions, and most likely the co-intercalation of EMIM + cations, during the rst charge and discharge, which modies the graphite structure. Despite the incomplete reversibility of the rst electrochemical charge-discharge process, Al/EMIMCl:AlCl 3 /PG cells behave very reversibly upon further cycling, suggesting that the irreversible behavior in the rst cycle corresponds to the activation of the graphite electrode. This reversible behavior is illustrated in Fig. 5a , showing a long-term cycling test (75 mA g
À1
) of an Al/ EMIMCl:AlCl 3 /PG cell prior to activation at a low current density (ve cycles at 25 mA g À1 ). The test demonstrates the excellent stability of the cell exceeding two thousand cycles without any signicant performance decay. Actually, the test reveals a continuous increase of the delivered capacity upon cycling, more evident in the initial cycles, but still present at higher cycle numbers, as evidenced by comparing the 500 th and the 1000 th cycles (see Fig. 5b ). The above cycling results were obtained over a period of time exceeding ve months, thus proving the longtime scale stability of the cell. This was not the case in previous studies, where the long-term cycling stability was tested at extremely high current values, resulting in thousands of cycles in a few days 2, 12, 14 (see the comparison in Table S3 in the ESI †). To further conrm the improved cell performance of the cycled graphite electrode, Fig. S3 † compares the rate capability test of a Al/EMIMCl:AlCl 3 /PG cell at the initial stage (black triangles) and aer 500 cycles (blue circles). The comparison shows that aer 500 (dis)charge cycles the cell delivers more than 65 mA h g À1 at the higher current (100 mA g À1 ), reecting an improvement of more than 35% with respect to the initial value (45 mA h g À1 ).
In order to understand the origin of the improved cycling behavior, ex situ XRD and XPS measurements on discharged PG electrodes aer different cycle numbers (see Fig. 5a and b) were performed. The XRD diffractograms reveal a general shi of the reections to lower 2q values (see magnications of the [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] and 50-60 2q range), i.e. to higher d-spacing values. The behavior is clearly evidenced in Fig. S4 , † revealing that the calculated d-spacing associated with the main reection increases during the initial 50 cycles to later stabilize at about 3.264Å. Such an increase clearly indicates that a structural modication of the electrodes occurs upon cycling, associated with the accumulation of ionic species in-between the graphite layers, resulting in the increased reversible anion intercalation clearly evidenced in Fig. S3 † by the delivered capacity and rate capability enhancement. The main result from the XPS detail spectra in the C 1s region (Fig. 6b) is the progressive reduction of the intensity of the main peak upon cycling, indicating a progressive change of the structural characteristics of the PG cathode most likely associated with the anion accumulation in-between the graphite planes already observed by XRD (see Fig. 3a ). The tting of the C 1s peaks (Fig. S5 †) , however, shows the intensity increase of the peak at 286.5 eV conrming increased amounts of the species trapped in the structure. Similarly, the Cl 2p peak intensity increases upon cycling, which is a further indication of an increased amount of AlCl 4 À trapped in-between the graphite layers. However, interesting results are seen in the N 1s region of the XPS spectra. The dominating peak at 401.7 eV, which is assigned to the N atoms in the EMIM + cation, 40 increases upon cycling, further conrming the partial intercalation of EMIM + cations in-between the graphite layers upon cycling. In order to complete the surface study of the Al//PG cell XPS analysis of the anode was also performed. Fig. S6 † shows the XPS spectra of aluminum electrodes, revealing that substantial modications of the surface chemical composition occur upon cycling. The Al 2p spectrum of the pristine sample shows two peaks, one at about 72 eV associated with the presence of metallic aluminum 37 and a second one at about 74.5 eV associated with the native Al 2 O 3 layer. 37 However, the spectra of the cycled samples show the disappearance of the metallic aluminum peak and the shi to slightly higher binding energy of the second one. 46, 47 Furthermore, the Cl 2p spectrum clearly indicates the formation of chlorine species on the aluminum surface, 37 consistent with the presence of AlCl x species. Finally, the evolution of the PG and Al electrode morphologies upon cycling was investigated by ex situ SEM analysis (Fig. 7) . The electrodes were taken from cells subjected to 50 and 500 cycles, which were disassembled aer a 24 h rest period to allow for full equilibration of the electrodes. Pristine electrodes were also investigated for comparison. The cycled aluminum electrodes reveal an increase of the surface roughness due to the continuous dissolution and deposition process. However, we nd no evidence of dendritic deposition, indicating that such metal anodes are suitable candidates for rechargeable cells. The PG electrodes reveal a slight degradation of the surface characterized by the formation of a lm on the surface, which is most likely associated with a partial decomposition of the electrolyte, in agreement with the XPS results reported in Fig. 6b .
Conclusions

AlCl 4
À intercalation into graphite has been investigated using several techniques, including XRD, XPS, XANES and SAXS. Combining the structural, morphological, and electrochemical characterization, details of the processes taking place during the (de)intercalation of chloroaluminate species in a graphite cathode have been gained. In particular, the structural characterization obtained by XRD and SAXS clearly indicates that the intercalation process involves the AlCl 4 À anion as the principal intercalating species. Furthermore, new insights into the reversibility of the electrochemical process characterizing the aluminum/graphite system have been obtained. The initial irreversibility of the system can be explained by small amounts of AlCl 4 À retained in the graphite structure. Although this occurs mostly in the rst charge-discharge cycle, the amount of anions trapped in the graphite layer slightly increases upon cycling, leading to a structural reorganization of the material, which in turn leads to an improved cell performance. We believe that the results reported in this study clarify important structural aspects of rechargeable cells employing aluminum as the anode material in non-aqueous electrolytes. In light of the reported results, a properly engineered graphite-based cathode may lead to limited retention of the intercalated anion in the graphite, thus improving the reversibility of the electrochemical process and leading to enhanced performance in rechargeable aluminum/graphite cells. Finally, we would like to underline the excellent stability of the Al//PG cell, operating for more than ve months with negligible performance fading.
